Quasi-1D piezoelectric nanostructures may offer unprecedented sensitivity for transducing minuscule input mechanical forces into high output voltages due to both scaling laws and increased piezoelectric coefficients. However, until now both theoretical and experimental studies have suggested that, for a given mechanical force, lateral bending of piezoelectric nanowires results in lower output electric potentials than vertical compression. Here we demonstrate that this result only applies to nanostructures with a constant cross-section. Moreover, though it is commonly believed that the output electric potential of a strained piezo-semiconductive device can only be reduced by the presence of free charges, we show that the output piezopotential of laterally bent tapered nanostructures, with typical doping levels and very small input forces, can be even increased up to two times by free charges.
(Some figures may appear in colour only in the online journal)
Quasi-1D piezoelectric nano-devices can find applications in sensors, actuators, energy harvesting [1] , piezotronics [2] , piezo-phototronics [2] , and piezo-controlled chemical reactions [3] , among others. In fact, compared with conventional piezoelectric materials, quasi-1D piezoelectric nanostructures can be significantly deformed by smaller mechanical forces, have higher piezoelectric coefficients [4, 5] , and exhibit outstanding mechanical properties [5] , including substantially higher fracture strains [5, 6] .
However, despite impressive progress [2, [7] [8] [9] [10] [11] [12] [13] reported in just a few years from the first piezoelectric nanogenerators [1, 14] , existing piezoelectric nano-devices are obviously sub-optimal, primarily due to the complexity of modeling, fabricating, characterizing, and packaging devices at the nanoscale. Additionally, the electro-mechanical characterization of piezoelectric nanostructures is still a challenge [5] ; for instance, though the dependence of the resonance frequency of a free-standing ZnO nanowire on the amplitude of the exciting AC voltage has been solidly attributed to piezoelectricity [15, 16] , in the absence of an accurate quantitative model it is not yet possible to take advantage of such a dependence to extract key parameters such as doping level, piezoelectric coefficients, and Young modulus. For all these reasons, substantial efforts are being devoted to improving both the theoretical understanding and numerical modeling of piezo-nano-devices [17] [18] [19] [20] [21] [22] [23] .
In particular, under the assumption of negligible free charges, FEM simulations have shown that vertical compression is better than lateral bending from both the points of view of high output voltages and mechanical-to-electrical energy transduction capabilities [19] , which also seem consistent with the high piezopotentials experimentally generated by vertical compression [9, 13, 24] . In fact, different from vertical compression, which results in a practically uniform strain within the nanowire, in the case of lateral bending the base of the nanowire (i.e. the region where the strain is maximum and, therefore, the region which could be the best for generating high piezopotentials) is partially deactivated by the highly conductive seed layer at the base of the nanowire, [19] which forces a close-to-zero voltage difference at the base. In fact, subsequent theoretical efforts [21, 22] and energy harvesting devices [7, 9, 10, 12] have used vertical compression. However, remarkably, all previously reported theoretical studies on lateral bending [17] [18] [19] [20] 23] were restricted to piezoelectric nanostructures with constant cross-sections, such as cylindrical/rectangular/hexagonal nanowires [17] [18] [19] [20] 23] or rectangular nanowalls (nanosheets) [19, 23] .
As to experimental studies, there are numerous reports on the lateral deflection of piezoelectric nanowires [1, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , but only very few [32, 37] have considered tapered nanostructures and, in all cases, the crucial implications of the tapered shape have never been discussed. In a previous paper [32] , lateral bending of tapered nanostructures with likely high doping levels still resulted in rather high AFM recorded potentials; however, nanostructures with very different shapes were compared without discussing the effects of the tapered geometry. In another work [37] the authors measured, with ZnO nano-needles, voltage peaks with magnitudes up to 35 mV, which is close to the record values obtained with a certain sample containing constant-cross-section ZnO nanowires [36] and much higher than values, e.g. always below 9 mV, obtained on different samples containing constant-cross-section ZnO nanowires under similar mechanical excitations [1, 36] ; nevertheless, the importance of the tapered shape was not discussed. We also stress that, though interesting, the AFM experiments on tapered piezoelectric nanostructures [32, 37] do not allow a fair comparison between constant cross-section and tapered geometries because the electric potentials recorded by AFM tips are likely very small fractions of the piezopotentials [1] (the measured voltage peaks, often just a few mV [1] , are originated by piezopotentials sufficient for effectively forward-biasing Schottky junctions [1, 17, 18, 20] ) and are substantially reduced by parasitic contact resistances and capacitances as well as by the fast sliding process; moreover, all these problems are likely exacerbated in the case of nano-needles [37] or nano-cones [32] due to the much smaller contact area and to the even faster sliding process.
In summary, there are no studies on the piezopotential in laterally bent tapered nanostructures, nor discussions on their potentially crucial advantages; moreover, until now, when tapered nanostructures have been used in experiments [32, 37] , the critical role of the geometry has not been recognized.
Recently, it has been shown that vertical compression of piezo-semiconductive nanowires with truncated conical shapes can provide significant advantages [22] ; in practice, if the tip of the nanowire is sharp enough, a much larger strain is generated at the tip and results in much higher piezopotentials. In fact, the piezopotential is almost the same as would be obtained in a very thin cylindrical nanowire having the same diameter as the small tip of the truncated conical nanowire; however, obviously, the tapered nanowire offers superior mechanical robustness, including a much stronger adhesion to the substrate, and is less subject to buckling, thus permitting the application of higher almost-ideal vertically compressive strains, which may also be a key for efficient mechanical-to-electrical transduction (in a compressed piezoelectric nanowire, the ratio between the stored electrostatic energy and the total stored energy increases with increasing compressive strain [22] ). Besides, the piezoelectric coefficients can be significantly increased by downscaling, and it has even been predicted that an escalation of up to two orders of magnitude of the piezoelectric coefficients may be achieved if the diameter of a piezoelectric nanowire can be reduced down to 1 nm [4, 5] ; however, if the diameter must be reduced to such small dimensions a constant cross-section may not offer sufficient mechanical robustness and stability, so that tapered nanostructures could be preferable. Nevertheless, until now the piezoelectric potential of tapered nanowires has only been studied in the case of vertical compression [22] and the only reported comparison between vertical compression and lateral bending [19] has taken into account nanostructures with constant cross-section and without free charges (which is obviously a very crude approximation).
Here, by using FEM calculations and taking into full account free charges, we confirm that vertical compression is likely more effective for energy harvesting, but also show that laterally bent tapered nanostructures can actually be ideal for transducing minuscule mechanical forces into high and accessible piezopotentials. Moreover, we show that, contrary to superficial expectations, laterally bent conical doped nanowires can give even higher output piezopotentials than hypothetical perfectly dielectric nanowires. Our results can provide guidelines for designing high-performance piezonano-devices for piezotronics, piezo-phototronics, piezocontrolled chemical reactions, as well as for the electromechanical characterization of piezoelectric nanostructures.
Results and discussion

Lateral bending of constant cross-section and tapered piezoelectric nanowires
Most theoretical and experimental studies on piezo-nanodevices have focused on zinc oxide (ZnO) because of its many advantages, including: biocompatibility; semiconductive properties; large direct band gap; high exciton binding energy; high piezoelectric coefficients; pyroelectricity; richness of geometries; simple, low-cost, low-temperature, CMOS/MEMS compatible processing by wet chemistry. Therefore, though our results can be easily extended to other materials, we have also chosen ZnO as a representative piezo-semiconductive material. Figure 1 schematically shows the cylindrical and truncated conical nanowires used in our simulations, the coordinate system, and the fixed constraint u = 0 at the base, where u is the displacement vector. Unless otherwise noted, the dimensions of the nanowires are as follows: the cylindrical nanowire has radius, R nw , and length, L nw , equal to 150 nm and 4 µm, respectively; the truncated conical nanowire has base radius, R b,nw , tip radius, R t,nw , and length, L nw , equal to 150 nm, 25 nm, and 4 µm, respectively. In all our simulations, in order to avoid punctual forces [17, 18, 20] , the nanowires are laterally deflected or vertically compressed by a force which is uniformly applied at the entire tip surface; furthermore, in the case of lateral bending the piezopotential is taken at the cross-section z = 3.8 µm, i.e. at a distance of 200 nm from the tip, so that distortions due to the method (i.e. force uniformly applied at the tip surface) are negligible, similar to previous lateral bending calculations [17] [18] [19] . Unless otherwise noted, the magnitude of the lateral bending or vertical compressive force is 442 nN. In fact, for the sake of comparison, the reference values for both the dimensions of the nanowires (R nw , L nw , R b,nw , R t,nw ) and the magnitude of the force (442 nN) are identical to the reference values used in previous FEM calculations on vertically compressed nanowires with both cylindrical [21, 22] and truncated conical [22] shape. For consistency with previous analyses, we just consider an ideally conductive seed layer [17] [18] [19] [20] 23] . Similar to previous FEM analyses [17] [18] [19] [20] [21] [22] , for simplicity, we assume perfect Ohmic contacts between the nanowire and the electrodes. In tapered nanostructures, the piezoelectric coefficients at the tip can be substantially increased by the small dimensions [4, 5] ; for consistency with all previous investigations and in the absence of accurate experimental values we prefer not to consider such size effects which may further favor tapered nanostructures. We also mention that there are several techniques for synthesizing tapered piezoelectric nanostructures [37] [38] [39] [40] [41] , including, for instance, a simple procedure for synthesizing ZnO nanotips with diameter of the tips around 10 nm [39] . Figure 2 shows the color plots of the piezoelectric potential at the cross-section z = 3.8 µm (circular color-maps) and at the cross-section x = 0 (bent nanowires color-maps) for both the cylinder and the truncated conical nanowires, for both n-type and p-type doping, with dopant concentrations N D equal to 10 17 cm −3 (in both the n-type and p-type simulations) and with a temperature equal to 300 K. For graphical clarity the color scale bars are saturated (i.e. no color changes above a certain upper threshold and below a certain lower threshold) when a linear color scale would not permit one to appreciate the voltage differences within the body of the nanowire.
Importantly, the minimum and maximum values of the piezopotential in the deflected cylindrical nanowires are found in very small and internal (i.e. not accessible from an outside contact) portions of the bent nanowire and are, therefore, practically inaccessible; for instance, if we consider the n-type deflected cylindrical nanowire, the minimum value of the piezopotential is −229.6 mV, but is found in an internal region, close to the base of the nanowire (where the maximum strain is present), and is, therefore, not practically accessible; in fact, the minimum value of the piezopotential which can actually be extracted from the nanowire is found at the tip and is around −5.9 mV (see the color plot for the cross-section z = 3.8 µm). This problem is absent in the tapered configurations; for instance, the minimum potential in the laterally bent n-type conical nanowire is −2.126 V and is found exactly at the tip of the tapered nanostructures, i.e. is accessible.
There are two reasons for the much larger piezopotentials found at the tip of tapered nanostructures: first, in comparison with constant-section nanostructures, the tapered shape mechanically allows one to generate much higher strains at the tip, and, second, such high strains are effectively transduced into high piezopotentials because the tip is far from the total bottom contact [19] constituted by the highly conductive seed layer and, therefore, its strain can be effectively converted into a piezopotential. As a result, the magnitudes of the 'extreme' potentials in the tapered nanowire are much higher (e.g. around 2 V in our case) and, a crucial advantage, easily accessible; in contrast, the accessible potentials in the cylindrical nanowires are orders of magnitude lower (e.g. around 5 mV in our case). Consistently with [18] , figure 2 also shows that in n-type nanowires the positive piezopotential in the extended regions is effectively screened by the negative free charges, electrons; in contrast the negative piezopotential in the compressed region cannot be screened because the free charges, electrons, are repelled by negative potentials. By duality, in p-type nanowires, the free charges, holes, can only effectively screen the negative piezopotential in the compressed region and the positive piezopotential is preserved. The small differences between the maximum magnitudes of the piezopotentials in n-type and p-type nanowires are due to the small asymmetries between holes and electrons (different effective masses). For conciseness, in the following we restrict ourselves to n-type doping only, because ZnO nanowires typically exhibit n-type doping and p-type nanowires are more difficult to synthesize [29] . However, we stress that p-type doping may also offer important practical advantages; for instance, if a p-type nanowire is laterally deflected by a contacting AFM tip or other structures [29] , the piezopotential with high magnitude can be extracted directly by the contacting structure rather than from the opposite side (as is the case for n-type nanowires), which is obviously a crucial difference for practical applications. Anyway, due to the small and predictable (inversion of the sign of the piezopotential and of the regions with high magnitudes of the piezopotential) differences between n-type and p-type doping, our results, with obvious modifications, can also be applied to p-type doping. Figure 3 shows the piezoelectric potential for both the cylindrical and the truncated conical nanowires as a function of y at (x = 0, z = 3.8 µm), with donor concentrations ranging from 10 16 to 10 18 cm −3 , external lateral force F y = 442 nN, and T = 300 K; for the sake of comparison the cases of purely dielectric nanowires are also illustrated. For cylindrical nanowires the piezopotential in the dielectric case is much higher than for doped nanowires and therefore, for graphical clarity, is not shown in the inset. Consistently with [18, 20] , in the case of cylindrical nanowires, the piezopotential is more and more screened at higher doping levels and, since we are only considering n-type doping (results with p-type doping can easily be found by duality, see above discussion), the negative voltages are much less reduced than the positive voltages and this asymmetry is more and more evident at higher doping levels. Obviously, the difference between the positive and the negative potentials (or, equivalently, between extended and compressed regions) is absent in the dielectric nanostructure whose piezopotential versus y-coordinate relationship is perfectly anti-symmetric. Remarkably, for the considered level of lateral force, 442 nN, for cylindrical nanowires the voltage along the axis z is almost zero, as demonstrated by figure 1 for the axis z and by figure 2 for the point z = 3.8 µm, x = 0, y = 0, so that the axis z almost perfectly separates the positive and the negative voltage regions; in contrast, with the same lateral force, the tip of the tapered nanowire is almost entirely a negative voltage region and, in the proximity of the tip, the voltage along the axis z is negative. A crucial consequence is that in the case of the cylindrical nanowire both the depletion and enhancement are weak, due to the small magnitudes of the piezopotential and, therefore, the carrier concentration is almost uniform, whereas in the truncated conical nanowire the tip, apart for very high doping levels, is almost entirely depleted, as illustrated by figure 4, which shows the negative charge carrier concentrations in laterally bent cylindrical and conical nanowires along the axis (x = 0, z = 3.8 µm) and, in particular, shows, for the truncated conical nanowire, the strong enhancement in the very small positive voltage region as well as the strong depletion in almost the entire tip.
Doping-induced shift of the piezopotential
For the considered level of force, in cylindrical nanowires the piezopotential with typical doping levels is much smaller than for dielectric nanowires. In contrast and in disagreement with superficial expectations, unless doping levels are very high (e.g. 5 × 10 17 cm −3 or higher, i.e. much higher than typical effective-donor concentrations, around 10 17 cm −3 [18] ) the magnitude of the output piezopotential for a doped conical nanowire is comparable or even higher than for a purely dielectric nanowire. In particular, figure 3(b) shows an almost-ideal voltage shift between the piezopotentials of doped and purely dielectric truncated conical nanowires. In fact, for a purely dielectric conical nanowire the equivalent piezoelectric charges are obviously located at the lateral surfaces of the nanowire so that, similar to a capacitor, the electric field within the nanowire is almost constant and orthogonal to the 'plates' (for simplicity, we neglect the bending of the 'plates') of the capacitor, resulting in a piezopotential which almost linearly depends on y ( figure 3(b) ). Additionally, similar to cylindrical dielectric nanowires [19] , for truncated conical dielectric nanowires, the potential is zero along the z axis which separates the compressive and the tensile region, so that the piezopotential in dielectric conical nanowires is an anti-symmetric function of y. In contrast, in the case of n-type doped conical nanowires, positive voltages cannot be well preserved because of free electrons, and the maximum positive voltage at the compressed side of the tip must anyway be close to zero. However, since the strain is almost identical (the converse piezoelectric effect is typically negligible) to the case of the purely dielectric nanowire, the piezoelectric equivalent charges are almost the same. If, taking into account both the effective depletion of almost the entire tip (see figure 4) and the Gauss theorem, we travel close to the tip from the compressed region toward the extended region, we find an almost constant electric field and, therefore, by integration, a piezopotential almost linearly dependent on y and, by the Gauss theorem (the equivalent piezoelectric charges are almost the same as with the dielectric nanowire), an almost identical maximum voltage difference, with the only difference that the voltage at the extended wall of the nanowire (enhanced region) is almost zero due to the free electrons, which do not allow significant positive voltages. In conclusion, the piezopotential profile in the dielectric nanowire is almost the same as in the doped nanowire, with the only exception being an almost-ideal voltage shift of the piezopotential (which, for the dielectric nanowire, is zero 
An impressive consequence is that the magnitude of the piezopotential that can be extracted from piezoelectric nanowires with typical (around 10 17 cm −3 ) doping levels can be even higher than from hypothetical nanowires without free charges (e.g. in figure 3(b) , between −1.8 and −2 V for doping levels below 10 17 cm −3 versus −1.3 V for a dielectric nanowire). In practice, at the nanoscale we can almost perfectly deplete the small tip of the tapered nanostructure with tiny forces, so that the total voltage difference from the compressed to the extended region is almost identical to the dielectric case. Moreover, the voltage of the enhanced side of the tip is 'clamped' at 0 V and therefore allows the voltage to shift only to negative values (n-type doping) or only to positive values (p-type doping), thus resulting in a maximum magnitude which is almost twice as large (similar to diode 'clampers' circuits).
Output piezopotential
For conciseness, we refer to the output piezopotential as the maximum magnitude of the piezopotential which can be extracted by an external contact in proximity to the tip when the total-bottom-electrode [19] is grounded. Moreover, taking into account that establishing a perfect contact exactly at the tip is obviously difficult, as well as in order to avoid distortions due to the method (i.e. force uniformly applied at the tip surface), similar to previous lateral bending calculations [17] [18] [19] , we take the output piezopotential at 200 nm from the tip. Figure 5 shows, for various n-type doping levels, with T = 300 K, for both the cylindrical and the truncated conical nanowires, with a grounded base contact [17] [18] [19] [20] , the output piezopotential as a function of the external lateral force F y , assuming that the top electrode is at z = 3.8 µm (i.e. we consider a potential with a magnitude which is slightly lower Figure 6 . Output piezopotential (top electrode at 200 nm from the tip) from both the cylindrical and the truncated conical nanowires as a function of the external lateral force F y , for various nanowires lengths, and T = 300 K (the curves for the tallest cone are truncated at strain levels above 3%, which would clearly require more complex mechanical models to take into account non-elastic effects).
than at the tip, z = 4 µm). We stress that in cylindrical nanowires the highest magnitudes of the piezopotentials are found in internal regions close to the base, where the strain is maximum; however, these internal potentials, which are not accessible from external contacts, may not be extracted and, therefore, do not affect the output piezopotential (see definition above).
Under sufficiently small deformations, the strain linearly depends on force; until the force and, therefore, the piezopotential are small enough, the depletion and enhancement are weak and, therefore, the piezopotential linearly depends on strain. Consistently with figure 3(b) , the piezopotential is reduced by doping only if the force cannot effectively deplete the tip. Clearly, for tapered nanowires (where, for a given input force, the strains are much higher) effective depletion is easily achieved at low force levels while, at substantially higher force levels, doped cylindrical nanowires also become more effective, because the piezopotential becomes so high that it can effectively deplete a significant part of the cylinder, but this requires much higher forces and, therefore, is only visible in figure 5 for very low (10 16 cm −3 ) doping levels. As a consequence of the almost-ideal voltage shift explained before, unless the doping level is very high, at sufficiently high forces the output piezopotential in doped conical nanowires is even higher than in hypothetical purely dielectric nanowires. As evident from figure 4, the magnitude of the piezopotential that can be extracted from deflected tapered nanowires may be orders of magnitude higher than for cylindrical nanowires. Besides, very small dimensions of the tip region are also likely to result in strong size effects (including piezoelectric coefficients [4, 5] and mechanical properties [42] ) so that, similar to [22] , piezopotentials higher than our predictions can be generated in tapered nanowires, an effect which in the absence of accurate data we preferred not to consider in our simulations. Output piezopotential (top electrode at z = 3.8 µm) for both a very thin cylindrical (R nw equal to 25 nm) and a truncated conical (R b,nw and R t,nw equal to 150 nm and 25 nm, respectively) nanowire as a function of the external lateral force F y , for various doping levels and T = 300 K; the force magnitude is limited to 10 nN in order to keep the strain in the thin cylindrical nanowire below about 3% (larger strains would require more complex, non-elastic models). Figure 6 shows the output piezopotential for both the cylindrical and the truncated conical nanowires as a function of the external lateral force for various nanowire lengths (top electrode at z = 3.8 µm). The curves for the tallest conical nanowire are truncated at 100 nN in order to avoid strain levels above 3%, which clearly would require more complex non-elastic mechanical models. As evident, the output piezopotential is almost independent of the height of the nanowires, consistent with previous studies on laterally deflected nanowires (independently of neglecting [17] or considering [18] free charges).
Clearly, as a consequence of scaling laws, if the diameter is reduced, small forces can also effectively deplete a cylindrical nanowire; for instance, with a diameter of 50 nm, a length of 600 nm, a lateral force of 80 nN [18] may already deplete the tip of a cylindrical nanowire. However, tapered nanostructures can also have crucial advantages over very thin cylindrical nanowires. Figure 7 shows the output piezopotential for both a very thin cylindrical (R nw equal to 25 nm) and a truncated conical (R b,nw and R t,nw equal to 150 nm and 25 nm, respectively) nanowire as a function of the external lateral force F y (top electrode at z = 3.8 µm), for various doping levels. Though, obviously, for a given input mechanical force the output piezopotential is higher in the thin cylindrical nanowire, this advantage is not extreme (e.g. for the typical doping level 10 17 cm −3 , about 11 mV versus about 17 mV for 10 nN input force) and is likely associated with severe practical issues. In fact, the truncated conical shape is much easier to fabricate (the very thin cylindrical nanowire has an aspect ratio equal to 4 µm/25 nm, i.e. 160) and may have substantially improved mechanical robustness and stability; the very thin cylindrical nanowire would likely have a much weaker adhesion to the substrate (its base area is 36 times smaller) and would also be subject to extremely high strains at the base, with such high strains not being effective in the generation of a high piezopotential (because of the total bottom contact [19] , which partially deactivates the base). In fact, the force magnitude in figure 7 is limited to values below 10 nN in order to keep the strain in the thin cylindrical nanowire below about 3% (larger strains would require more complex, non-elastic mechanical models), whereas forces up to 1 µN can be safely applied to the truncated conical nanowire without incurring such extreme strain levels, which may also degrade the reliability.
As shown in figure 7, in comparison with extremely thin cylindrical nanowires, the truncated conical shape can produce, in response to tiny input mechanical forces, almost the same piezopotentials with substantial advantages in terms of ease of fabrication, mechanical robustness, stability, and much smaller maximum strains within the nanowire for comparable levels of output potential.
ξ for laterally deflected nanowires
The parameter ξ has been defined [19, 22] as the ratio between the stored electrostatic energy W e and the total (electrostatic and mechanical) stored energy W e + W m . Since it is currently impossible to theoretically evaluate the energy conversion efficiency of piezoelectric nano-devices (which would require to take into account, for instance, the process dynamics, the external load, and the parasitic impedances [19] ), ξ [19, 22] can be used an upper limit to the efficiency of the static mechanical-to-electrical energy conversion process. In previous studies, ξ was computed in the absence of free charges [19] or, when taking into account free charges, only for vertical compression [22] . Figure 8 shows, for various doping levels, the mechanical, W m , and electrical, W e , stored energies in laterally bent cylindrical and truncated conical nanowires as a function of the external lateral force F y ; for a given input force level, the mechanical energy stored in the laterally bent conical nanowire is higher than in the cylindrical nanowire due to the much higher displacement; moreover, consistently with the above discussion, in the case of cylindrical nanowires the presence of doping results in a much more severe reduction of the stored electrostatic energy. In all cases, except for hypothetical dielectric nanowires, ξ is significantly higher for conical nanowires. Figure 9 shows the stored energies and ξ for both the cylindrical and the truncated conical nanowires as a function of the external lateral force F y , for various nanowire lengths, and T = 300 K; for a given input force, at high lengths, the displacement is highly increased and, therefore, the stored mechanical energy is largely increased, thus reducing ξ . Figure 10 shows the stored energies and ξ for the truncated conical, thin cylindrical (same diameter as the tip diameter of the truncated conical nanowire), and large cylindrical (same diameter as the base diameter of the truncated conical nanowire) ZnO nanowires as a function of the external lateral force F y , for various doping levels, and T = 300 K; we observe that ξ for conical nanowires, for some doping levels, is even higher than for the thin cylindrical nanowire, due to the very large strain (i.e. very high stored mechanical energy) in the thin nanowire; similar to figure 7, the force is limited to values below 10 nN in order to keep the strain in the thin cylindrical nanowire below about 3%. Figure 11 shows the color-maps of the piezopotential in laterally bent and vertically compressed, cylindrical and truncated conical n-type ZnO nanowires for the cross-section x = 0 with dopant concentration N D = 10 17 cm −3 , T = 300 K, and lateral force, F y = 442 nN. As evident, in contrast with the case of constant-cross-section nanowires, with tapered quasi-1D nanostructures, lateral deflection may offer a higher piezopotential than vertical compression, with the additional decisive advantage of no buckling issues (in the case of a vertical compressive force, above a certain strain there will be deviations from a purely vertical compression, i.e. buckling). In fact, in the case of a laterally bent conical nanowire, if the tip is sufficiently sharp, for a given magnitude of the mechanical force, a strain larger than the strain obtained by vertical compression can be easily generated by a small bending force and, contrary to the laterally bent cylindrical structures, high strains are also generated in regions far from the nanowire base (and, therefore, in regions which are not partially disabled by the total bottom contact at the base). In contrast, for the laterally deflected cylindrical nanowire, high piezopotentials are only generated in internal regions close to the base (i.e. where the strain is maximum) and are not accessible by external contacts.
Comparison between vertical compression and lateral bending
For completeness, figure 11 also shows a zoom of the laterally deflected tapered nanowire (with z ranging from 3.6 µm to the tip, at 4 µm), thus confirming that high piezopotentials can be found even a few hundred nanometers from the tip (e.g. see the corresponding color map of the piezopotential for the cross-sections z = 3.8 µm in figure 2 ). We stress that, when transducing a mechanical force into a piezopotential using quasi-1D nanostructures, the possibility to use vertical compression may also be severely compromised by buckling issues, which in practice may restrict the system to very small input mechanical forces (or, equivalently, may severely limit the dynamic range for the input mechanical forces). Figure 12 shows the output piezopotential for both vertical compression and lateral bending of a truncated conical (R b,nw and R t,nw equal to 150 nm and 25 nm, respectively) ZnO nanowire as a function of the external lateral force F y , for various doping levels as well as the ξ -parameter. Apart from the dielectric case, lateral bending is superior in terms of the piezopotential and, therefore, may be preferable for piezotronics, piezo-phototronics, mechanical sensing, and piezo-controlled chemical reactions, especially when taking into account that with vertical compression the input dynamic range may be severely limited by buckling issues. However, consistently with predictions in [19] (obtained without considering free charges), vertical compression offers higher values of ξ and is therefore likely preferable for piezoelectric energy harvesting, also taking into account that with vertical compression it is easier to provide reliable electrical contacts to a large array of aligned nanowires [13] .
Conclusions
We have confirmed that lateral bending is likely not optimal for energy harvesting; however, lateral bending of tapered piezo-semiconductive nanostructures can be ideal, with typical doping levels, for transducing tiny input mechanical forces into high and accessible piezopotentials, without the buckling issues associated with vertical compression.
Contrary to superficial expectations, we have also found that, in laterally bent tapered nanostructures, typical doping levels not only do not reduce, but can even increase, by up to two times, the output piezopotential, thus constituting an exception to the apparently obvious reduction of the output potential induced by free charges; this effect, which can be triggered by minuscule forces as a result of downscaling and of the tapered shape, is due to the combination of an effective tip depletion and of the 'clamped' voltage in the small enhanced part of the tip.
Our results may provide guidelines for designing highperformance piezo-nano-devices for mechanical sensing, energy harvesting, piezotronics, piezo-phototronics, and piezo-controlled chemical reactions, among others.
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Appendix. Details on the calculations
For our calculations, similar to previous works [17, 18, [20] [21] [22] we use a system of fully coupled nonlinear partial differential equations. The elastic behavior of piezoelectric media is governed by Newton's law
where σ = σ i,j e i ⊗ e j is the Cauchy stress tensor, while the piezopotential is governed by
which is a form of Poisson's equation, where D = D j e j is the vector of dielectric displacement, q is used to indicate the absolute value of the electronic charge, N + D and N − A are the ionized donor and acceptor concentrations, respectively, p is the free (mobile) hole concentration in the valence band and n is the free electron concentration in the conduction band. Since ZnO nanostructures typically show an n-type behavior we focus on n-type doping and consider p = N − A ∼ = 0; however, since p-type ZnO nanowires have also been reported [29] , we have also performed simulations of p-type nanowires using n = N + D ∼ = 0, see below for discussion. The two equations (A.1)-(A.2) are fully coupled by the constitutive equations relating mechanical and electrical quantities in piezoelectric media, i.e.,
where c E ijkl , e kij , κ ε jk are the elastic, piezoelectric and dielectric tensors, respectively (repeated summation index convention), E k is the electric field and ε kl is the strain tensor. According to the Fermi-Dirac statistics (due to the large strain of the nanowire, the band deformation can be important and ZnO can behave as a degenerate semiconductor) the carrier densities n and p are determined under thermodynamic equilibrium by the position of the Fermi level E F with respect to the conduction band edge E c and the valence band E v . The densities can thus be calculated as,
where the equations (A.4a) and (A.4b) are used for n-type and p-type doping, respectively, F 1/2 (·) is the Fermi integral (approximated in our numerical computations by means of the Joyce-Dixon approximation for reducing the CPU time),
2 are the effective density of states in the valence and conduction bands, respectively, T is the absolute temperature, k B is the Boltzmann constant, h is the Planck constant, m e is the effective mass of conduction band electrons and m h is the effective mass of valence band holes.
In general, the ionized acceptor and donor concentrations are given by
where g A and g D are the ground-state degeneracy of the acceptor and donor impurity levels (usually g A = g D = 2) while E A and E D are the energy of the states introduced by acceptors and donors.
The conduction E c0 and valence E v0 band levels of a free-standing undeformed NW can be computed with reference to the Fermi level E F , which is set to zero as reference, enforcing the neutrality conditions N
For a n-type semiconductor the equation N + D = n leads to
while for a p-type semiconductor the equation p = N − A leads to
where E D = E c0 − E D and E A = E v0 + E A are the levels of acceptor and donor concentrations.
When the ZnO NW is deflected the valence and conduction band levels become a function of space coordinates x, i.e. E v (x) and E c (x). In particular, the band edge shift E(x) is the sum of the electrostatic energy part qV and the deformation potential part E def (which may be important due to the large strain), i.e.
where V is the electrostatic potential, and a def v v 0 is the band edge shift due to the deformation, which is proportional to the relative volume change v v 0 through the deformation potential constant a def . Finally, also the activation process of the donors and acceptors is modified by the deformation of the conduction and valence band edge. In fact, in equations (A.6) the acceptor energy level is given by E A (x) = E v (x) + E A , while the donor energy level is E D (x) = E c (x) − E D (for simplicity we assume the band gap energy E g remains constant).
Since the piezoelectric-semiconductor equations constitute a coupled nonlinear set, it is not possible to obtain a solution in one step, but a nonlinear iteration method must be used. As to the choice of the independent variables, we solve the coupled electro-mechanical problem for the variables (u, V), where u is the displacement vector in the spatial description (Eulerian form). As a result, the electric field is found by E = −∇V, while the mechanical strain vector is related to the mechanical displacement by ε = where the impurities and the mobile charge densities are linked to the electrical potential V and the displacement u through equations (A.4), (A.5), (A.7), which are clearly the nonlinear terms of the equation system. In order to make the solution of equations (A.8) more efficient and to avoid possible numerical overflow and underflow errors, it is advisable to perform calculations using normalized quantities through a consistent scaling. The system of equations (A.8) has been solved through a standard Finite Element Method in conjunction with the damped iterative Newton method to deal with the nonlinearity. Taking advantage of the plane symmetry of the structure, we restricted the simulation to a half space (x > 0) and imposed equal to zero any derivative with respect to the variable on the plane xy. A nodal approach with second-order Lagrangian basis functions defined on a tetrahedral mesh has been used. The simulation domain comprises the NW surrounded by air. We assumed a ZnO NW epitaxially grown along the c-axis (aligned with the z-axis) on a single crystal substrate and pushed by a force exerted at its tip directed along the y-axis. The NW is modeled as a simple cylinder oriented along the z-axis. Inside the NW the coupled piezoelectric model has been solved, while the simple Laplace equation ∇ 2 V = 0 has been enforced in the surrounding open space (considered as a non-solid medium). The infinite open space has been simulated by means of the second-order local Bayliss-Gunzburger-Turkel (BGT) [43] absorbing boundary conditions enforced on the outer boundary of the simulation domain.
The values of the ZnO parameters used in our calculations are as follows: the stiffness constants of ZnO are (for conciseness, the symmetries are not explicitly indicated) c E 1111 = 209.7 (GPa), c E 3333 = 210.9 (GPa), c E 1122 = 121.1 (GPa), c E 2233 = 105.1 (GPa), c E 2323 = 42.47 (GPa), c E 1212 = 44.29 (GPa) [44] ; the piezoelectric constants are e 311 = e 322 = −0.51 (C m −2 ), e 333 = 1.22 (C m −2 ), e 113 = e 223 = −0.45 (C m −2 ) [45] ; the dielectric relative permittivity constants are κ ε 11 = κ ε 22 = 7.77 and κ ε 33 = 8.91 [46] ; the effective electron mass is m e = 0.28m 0 [47] , with m 0 the free electron mass; the deformation potential constant is a c = −6.05 (eV) [48] ; the distance between the donor (acceptor) energy level and conduction (valence) band is E D = E A = 35 (meV) [46] ; the temperature is T = 300 (K); the band gap is E g = 3.4 (eV).
